Most current maintenance programs focus on achieving the main goals of maintenance operations: increasing mean time between failures, reducing time to repair and minimizing costs. Some researchers have focused on optimizing these variables. Detailed analyses have been conducted in the fields of equipment wellness, spares administration, planned maintenance and structured organization.
INTRODUCTION
This paper discusses a new approach to performancebased maintenance management.
The objective is to determine an integrated reliability management system that provides a method of aligning maintenance operations with the business strategy and monitoring performance of key technical, human and organization goals over time.
METHODOLOGY

Overview
The Balanced Scorecard concept [1] will be used to determine the maintenance strategies. This concept will help define the fundamental pillars upon which the overall maintenance operation rests. From these basic pillars, a group of attributes will be derived using a hierarchical decomposition such as the Goal Tree Analysis [2] . Successful implementation and monitoring of these few attributes will lead to more effective management of maintenance operations.
A set of metrics must be selected to lead the attributes implementation. These indicators need to represent the maintenance strategies in such a way that any deviation from the objectives can be detected and immediately corrected.
The problem resides in that no attribute can be fully monitored by an isolated metric.
As such, a set of indicators would be needed for this purpose. The assignment of each metric to an attribute must be determined through expert judgment.
The Analytic Hierarchy Process (AHP) [3] is a powerful tool to formally bring expert judgment to define relevance and importance of each metric to the fulfillment of the attribute.
The Balanced Scorecard
The Balanced Scorecard is a management system that enables the organization to align their vision with the strategy and translate it into action. Its main purpose is to define a set of metrics that will closely monitor the organization performance. The structured methodology allows us to understand the key aspects in maintenance operations preventing the uncontrolled and unfocused selection of performance indicators [4] . The first step in implementing the Balanced Scorecard is to define the vision of maintenance operations as Attainment of high performance of people, equipment and processes in maintenance. This ultimate goal is to be accomplished through a methodical strategy that must consider all different aspects of the organization. Therefore, the strategy will be decomposed into five pillars. Table 1 The next step in the balanced scorecard definition is to translate the strategy into action. Goal Tree Analysis (GTA) [2] is the means to perform a hierarchical decomposition of each of the strategic goals. The purpose of the decomposition is to arrive to the lowest measurable function, whereby obtaining the fundamental attributes. In this way, each general goal can be easily managed through the analysis of this few attributes. This simplification is valid given that GTA carefully breaks down the high level goal into subsequent sub goals so that success of all sub goals will guarantee the main goal accomplishment.
It is important to mention that every subgoal can be eventually decomposed into lower level subgoals. The level of decomposition will be defined intuitively and will mainly depend on the degree to which the attribute can be measured. Therefore, paths that will result from the decomposition may vary in level depth. Figure 1 shows a conceptual diagram of the GTA. The higher level represented by an oval is the ultimate goal which is decomposed in lower level subgoals until the lowest possible decomposition is met. The shaded blocks represent these fundamental attributes.
Note that logical connectors are used to show in which way the combination of various attributes will lead to the goal accomplishment [5] . The AND gate implies that all attributes must be satisfied in order to guarantee the goal success. On the other hand, OR gates indicate that the goal can be met if at least one of the success paths underneath is achieved. Considering this, we must refer to "alternatives" rather than subgoals given that not all the attributes need to be necessarily met to ensure success at a higher level. The complete decomposition has been conducted considering maintenance operations and management literature and was also based on the authors' judgment. Figure  2 shows a part of the REACTIVE tree. The complete decomposition of the five trees leads to more than ninety fundamental attributes. Due to the size of these trees they are not included in this paper. The reader is encouraged to review reference [6] for detailed GTAs. One important characteristic is that most trees end with fundamental attributes that are common among pillar GTAs. Figure 2 shows that in order to ensure an effective action, tools and spares must be available. This can only be ensured through the LOGISTICS pillar. Similarly, personnel competence will be enhanced through proper TRAINING as well as personnel morale will depend on the success of the PEOPLE pillar.
This means that the achievement of REACTIVE pillar is directly dependent on LOGISTICS, TRAINING and PEOPLE pillars.
This dependency is repeatedly seen in most pillars as represented in Figure 3 , showing a feedback process. Note that REACTIVE depends on all other pillars, while TRAINING is completely independent. The evident interdependency among five pillars determines the importance of achieving all the goals simultaneously.
This conceptual result reinforces the assumption of assigning equal importance to each pillar. 
Metrics Definition
Having developed the tree, the focus shifts to the metric selection.
There are few cases in which a specific performance indicator can fully represent a particular attribute. On the contrary, it is more likely that several metrics would be needed to describe a behavior. For example for the "Develop easy to maintain equipment" attribute in the REACTIVE tree ( Figure 2 ) three metrics are considered: Mean Time To Repair (MTTR), Number of Accidents or incidents, and Maintenance Satisfaction Index (MSI). It is expected that as the equipment becomes easier to maintain, both the time to repair and number of accidents or incidents decrease, while the satisfaction index increases. But there is one question that still remains: In what proportion does each metric represent the attribute fulfillment?
This question cannot be answered in a generic way. There are several context dependent situations that vary from application to application. Additionally, even though some aspects of maintenance practices are shared among different industries, there are some characteristics that differ considerably. For example, safety factors are probably the most critical in nuclear industry while reliability without regular inspections is essential for aerospace projects
The goal trees are developed considering all important aspects of maintenance practices. This general model is later customized to suit particular applications. The customization process will be carried out by assigning relative weights to each metric with respect to the attribute it represents and also through weighting of the different alternative paths to achieving the pillars.
Weighting Metrics Using the Analytic Hierarchy Process
Assigning weight to the metrics is based on expert judgment. It is context dependent and thus depends on the industry for which the trees are being used. When analyzing the context one must understand the economical, social, political and cultural background as well as personnel competence, resource availability and equipment conditions. After considering all these variables, the Analytic Hierarchy Process (AHP) [3] can be used to determine the relative weight of the metrics.
The AHP is a decision making process to set priorities and to make the best decision when qualitative aspects of a decision must be considered. It is a systematic method for comparing a list of objectives or alternatives that reduces complex decisions to a series of one-to-one comparisons. The level of intensity can be subjectively assigned through a numeric scale ranging from 1 to 9, where 1 indicates equal importance and 9 absolute importance of M 1 over M 2 . Saaty [4] provides a detailed description of AHP.
There is also a need to make a comparison among all associated attributes in meeting the higher-level goals. Figure  4 visualizes the comparison procedure. This block diagram shows a simplified example from the REACTIVE pillar. In order to perform a correct diagnosis of a failure, four conditions must be satisfied: increase personnel morale, improve personnel competence, develop a reliable monitoring system and implement troubleshooting procedures. Each of these attributes can be measured by one or more of the following metrics: Mean Time To Repair (MTTR), Maintenance Satisfaction Index (MSI), Overall Equipment Effectiveness (OEE), and Maintenance Costs.
The methodology consists of evaluating the strength of the metrics in representing each of the four attributes with respect to "Perform correct diagnosis". One matrix per attribute is constructed. The example in Figure 4 only shows the "Improve personnel competence" matrix. Likewise, an attribute matrix is built to determine their relative importance with respect to the goal. The complete solution will determine the metrics raking with respect to the "Perform correct diagnosis" goal as summarized in Table 2 . The attributes ranking appears in the first column while the metric ranking is indicated in each corresponding row. The overall ranking will be determined by combining each metric weight with the respective attribute weight. The AHP result for this example shows that MTTR is the most representative metric in measuring "Perform correct diagnosis" attribute, followed by OEE, then MSI and finally Maintenance Costs. Having these weights assigned, the problem is reduced by one level of decomposition and we move one step upward in the AHP analysis. Table 2 .
MTTR MSI OEE Costs
-AHP Results for The Correct Diagnosis Attribute
It is important to mention that there are generally too many metrics involved in the comparison. In order to transfer a limited set of metrics to the upper level, only those with high contribution are selected
The procedure is carried out starting from the lowest level attributes. The set of metrics and their ranking derived in this level will serve as the starting point for the next level comparison and this methodology will continue until reaching the pillar goal. Thus, the final indicators will closely reflect the pillar performance.
Considerations of Feedback
It was noted that feedback will be present in the goal tree model due to the dependency of the pillars. Such dependency leads to the existence of fundamental attributes that correspond to the main goal of a number of trees. For these attributes no metric can be effectively selected given that they will most likely differ in each tree. In order to solve this recursive loop problem a first set of estimated metrics will be considered for the attributes in question. Once the whole process has been conducted in the five pillars, the resulting indicators will now serve as an input for the second round of calculation. The iterative recalculation continues until no variation is observed in any of the five pillars resulting metrics.
CASE STUDY: AUTOMOTIVE INDUSTRY
A particular case study was selected in order to put the proposed methodology into practice. The study determined the preferred metrics to monitor Maintenance Operations in Automotive Industries under a complex socio-economical environment. The consideration of these conditions will affect the metrics pairwise comparison, but will mostly alter the attribute importance. For example in Figure 2 , it can be seen that "Ensure tools and spares availability" together with "Improve personnel competence" are the most important attributes that must be satisfied to ensure an effective repair. On the contrary, "Implement Quick Change Over and Error Proofing techniques" is the least significant.
Context Definition
The analysis result for this case study is summarized in Table 3 . The metrics for PROACTIVE and LOGISTICS were selected using engineering judgment for the first iteration. From this selection the complete process was repeated deriving the set of leading indicators in the "2nd iteration". The highlighted metrics are new in the pillar. After three iterations, there were no further changes in the ranking and the final Balanced Scorecard metrics were obtained.
Sensitivity Analysis
Given the high number of fundamental attributes estimated and some complexity of comparison matrices, two different approaches have been selected to conduct a sensitivity analysis. One will focus on the importance of metrics weight and the other one on the importance of attributes weight.
For the metric sensitivity analysis, the attributes weights are kept constant throughout the tree decomposition. With these values, we will identify the most critical paths in each pillar. These can be calculated by multiplying each attribute weight at the different tree levels. The metrics to be evaluated will be those whose attributes weights are larger than 10% Figure 5 . Attributes Sensitive In The Automotive Industry Case Study contribution to the main goal. To help visualize this condition the path weight for the "Ensure tools and spares availability" attribute from Figure 2 is calculated. This path leads to 8.6 % influence on the REACTIVE goal and therefore will not be considered as significant for further analysis.
On the other hand, the higher-level attribute "Guarantee an effective action" accounts for the 25 % of the REACTIVE goal accomplishment and will be subjected to careful analysis. Therefore, the lowest level of analysis for the decomposition will be at the "Guarantee an effective action" attribute. Clearly, all attributes in the upper levels will be considered, given their high weight influence.
The previous definition will lead to a limited set of attributes per pillar. Figure 5 lists the resulting attributes with their absolute influence over the goal and the level at which each attribute belongs. This representation shows that higherlevel attributes have a greater influence on the pillar goal, which reinforces the conclusion that the metrics comparisons will be more critical as we move to the upper levels.
Attribute
Metric sensitivity Table 4 . -Metrics Sensitive in the Automotive Industry Case Study for the REACTIVE Pillar For each of these attributes, the metric sensitivity will be conducted. The procedure consists of varying the metric weight in one level of importance, for example from 3 to 5 in case of increasing relevance or from 9 to 7 for decreasing weight, given that the applied scale uses five absolute measures of importance (1,3,5,7 and 9). These sensible variations may result in metrics rank modification as well as new weight assignments. Table 4 summarizes the metric sensitivity to those attributes in the REACTIVE pillar.
The second approach considers constant metric weights and varies the attribute relative values.
The criteria immediately below the goal will be subjected to analysis given its dominance in the final result. The objective is to determine how minimum variations in criteria weighting will affect the resulting metrics. All attributes from the first level of decomposition are subjected to individual increased and decreased weights. Observations derived from this sensitivity analysis are listed per attribute within each of the five pillars in Table 5 . 
RESULTS
The application of the methodology to the automotive industry resulted in a small set of metrics to monitor and effectively manage maintenance operations. These metrics listed in Table 3 resulted from the systematic decompositions of some pillars of effective maintenance along with AHP ranking.
From Figure 6 , it is possible to determine which metrics influence each pillar. For example, CSI will influence both PROACTIVE and PEOPLE pillars with a strong predominance on the later. Similarly, indicators such as Items Repaired, Inventory and Fill Rate will only monitor LOGISTICS pillar. We can also take advantage of Figure 6 by depicting which metric will reveal a particular pillar performance. The proposed method shows what should be monitored to maximize performance of maintenance operations. It also provides the fundamentals to a structured and result-oriented management planning.
The sensitivity analysis reinforces the importance of the higher-level attributes in the final results indicating that the metric weighting should be conducted more carefully as we approach the top level. Additionally, those metrics that are sensitive for each critical path are identified so that judgments regarding ranking of the metrics can be modified, if necessary.
CONCLUSIONS
After developing the tree for each of the five fundamental pillars a group of attributes was derived. Many of these attributes are replicated in more than one pillar showing that there is a close interdependency among the pillars. Additionally, most attributes share the same indicators.
This study provides a complete and integrated methodology for maintenance related activities.
The systematic development of the goal trees allows identification of all the main attributes that should be in place for reliable and safe operations. At the same time, the qualitative hierarchical arrangement of the metrics provides a means of selecting those that most influence maintenance performance.
